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ABSTRACT
We study the star-forming (SF) population of galaxies within a sample of 209 IR-selected galaxy
clusters at 0.3≤ z ≤ 1.1 in the ELAIS-N1 and XMM-LSS fields, exploiting the first HSC-SSP data
release. The large area and depth of these data allows us to analyze the dependence of the SF fraction,
fSF , on stellar mass and environment separately. Using R/R200 to trace environment, we observe
a decrease in fSF from the field towards the cluster core, which strongly depends on stellar mass
and redshift. The data show an accelerated growth of the quiescent population within the cluster
environment: the fSF vs. stellar mass relation of the cluster core (R/R200 ≤ 0.4) is always below that
of the field (4≤ R/R200 < 6). Finally, we find that environmental and mass quenching efficiencies
depend on galaxy stellar mass and distance to the center of the cluster, demonstrating that the two
effects are not separable in the cluster environment. We suggest that the increase of the mass quenching
efficiency in the cluster core may emerge from an initial population of galaxies formed “in situ.” The
dependence of the environmental quenching efficiency on stellar mass favors models in which galaxies
exhaust their reservoir of gas through star formation and outflows, after new gas supply is truncated
when galaxies enter the cluster.
Keywords: keyword1 — keyword2 — keyword3
1. INTRODUCTION
Observationally, galaxies can be classified into two
broad types: red passive galaxies dominated by early-
type morphologies and blue star-forming galaxies dom-
inated by late-type morphologies (e.g., Strateva et al.
2001; Baldry et al. 2004). The probability of a galaxy be-
longing to one of these types is mainly driven by its stel-
lar mass and its surrounding environment (e.g., Dressler
1980; Kauffmann et al. 2004; Balogh et al. 2004; Baldry
et al. 2006): on average, more massive galaxies are more
likely to become quiescent, and galaxies in denser re-
gions are more likely to become quenched. Another im-
portant parameter is the redshift: while local clusters
are populated by red and dead massive galaxies, the
fraction of blue, star-forming galaxies is higher in more
pintos@astro.utoronto.ca
distant clusters (e.g., Butcher & Oemler 1984; Li et al.
2009; Raichoor & Andreon 2012; Hennig et al. 2017),
and there is even evidence for high star formation activ-
ity close to the cluster core of the highest redshift galaxy
clusters (e.g., Hilton et al. 2010; Santos et al. 2015; Webb
et al. 2015; Wang et al. 2016).
Several studies have focused on disentangling the sepa-
rate contributions of processes driven by intrinsic galaxy
properties and the environmental influence. It is the
“nature vs. nurture” scenario of the debate (Dressler
1980). Over the last decade, a number of investiga-
tions have classified mechanisms of suppression of star
formation activity into two major categories known as
“mass quenching,” related to internal processes that
scale with stellar mass, and “environmental quenching,”
related to external changes as galaxies interact with
their surroundings (Peng et al. 2010). Whether these
two quenching processes act independently from each
other is still under discussion. While observational stud-
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ies show evidence that the two effects are separable in
the local Universe or for relatively high-mass galaxies
at high redshifts (Peng et al. 2010; Quadri et al. 2012;
Muzzin et al. 2012; Kovacˇ et al. 2014); there is grow-
ing observational evidence that environmental quench-
ing evolves and depends on stellar mass (Balogh et al.
2016; Darvish et al. 2016; Kawinwanichakij et al. 2017;
Lin et al. 2017).
Some of the apparent discrepancies when studying
“environment” may arise from its many different defi-
nitions. One approach is to analyze galaxy properties
in terms of the large scale structure in which galaxies
are located (e.g., super-clusters, clusters, groups, field,
voids). In particular, a commonly used proxy is the
projected distance to the center of the parent halo to
find at which radius galaxy properties are effectively al-
tered (e.g., Wetzel et al. 2014; Allen et al. 2016; Vulcani
et al. 2016; Bufanda et al. 2017). Another useful ap-
proach, which requires spectroscopic data to build up
a picture of the phase space profiles of clusters, is to
identify whether galaxies are infalling or virialized to
determine how long they have been under the influence
of the host halo (Muzzin et al. 2014; Jaffe´ et al. 2015,
2018; Noble et al. 2016; Weinzirl et al. 2017). A common
approach is to study galaxy properties in terms of the
local galaxy density around each individual galaxy: in
this case no previous knowledge of clusters/groups po-
sitions are needed (e.g., Peng et al. 2010; Li et al. 2012;
Davies et al. 2016; Kawinwanichakij et al. 2017; Darvish
et al. 2018). There is no universal method to measure
the environment and its suitability depends on the phys-
ical scale being probed (see e.g., Muldrew et al. 2012, for
a detailed discussion on galaxy environment measures).
Physical explanations for the suppression of star for-
mation in galaxies related to mass include feedback from
an active galactic nucleus (e.g., Fabian 2012) or en-
ergetic feedback from supernova explosions and stellar
winds (e.g., Dekel & Silk 1986; Veilleux et al. 2005).
Regarding the environmental influence, many physical
processes have been proposed which might transform
the morphology and star formation properties of galax-
ies in dense environments, acting at different timescales
and physical distances from the center of the host halo
(see, e.g., Boselli & Gavazzi 2006, for a review). Such
mechanisms can be broadly classified into: (1) the in-
teraction of a galaxy with the gaseous component of
the cluster (e.g., ram-pressure stripping; Gunn & Gott
1972); (2) interactions between the galaxy and the clus-
ter gravitational potential (e.g., tidal stripping; Merritt
1984); and, (3) smaller scale galaxy-galaxy interactions
(e.g., harassment; Moore et al. 1996). The relative im-
portance of quenching mechanisms also depends on the
epoch. For example, at high redshift, in the absence of
cosmological accretion, once a galaxy falls into a larger
halo (Dekel & Birnboim 2006), vigorous star formation
may drive outflows that will exhaust the gas supply in
short timescales (“overconsumption”, see McGee et al.
2014; Balogh et al. 2016).
To have a clearer picture of the quenching mechanisms
in play, one needs to track how galaxies change their
star formation properties as they fall into the cluster,
isolating the role of the environment from galaxies’ in-
ternal processes. In this paper, we combine the SpARCS
(Spitzer Adaptation of the Red-Sequence Cluster Sur-
vey, Muzzin et al. 2009; Wilson et al. 2009) sample of
clusters with the first public data release from the HSC-
SSP (Hiper Suprime-Cam Subaru Strategic Program Ai-
hara et al. 2017) in the XMM-LSS and ELAIS-N1 fields.
We focus on examining the fraction of star-forming clus-
ter galaxies, out to as far as 10 virial radii, with a sam-
ple sufficiently large enough to perform background cor-
rections, to control for the galaxies intrinsic properties
(such as stellar mass), over a large range of redshift.
This allows us to track how star formation is quenched
as galaxies in-fall into clusters, providing a clearer pic-
ture of how galaxies in clusters evolve.
The paper is structured as follows. Section § 2 in-
troduces the data set, along with the cluster galaxies
selection. Section § 3 describes how galaxy properties
have been determined, including possible systematics.
In section § 4 we present our results, focusing on the de-
pendence of the fraction of star-forming galaxies with
stellar mass and distance to the cluster center at dif-
ferent redshift bins. We also quantify the environmen-
tal and mass quenching efficiencies and their depen-
dences on stellar mass and cluster-centric radius. In
Section § 5 we discuss our results and in § 6 a sum-
mary of this work is given. Unless otherwise stated,
throughout this paper we adopt a ΛCDM cosmology
with H0 = 70 km s
−1 Mpc−1, Ωm = 0.3, and ΩΛ = 0.7.
All magnitudes are on the AB system.
2. DATA AND SAMPLE SELECTION
2.1. Optical and infrared data
We use the first public data release from the HSC-
SSP1 (Aihara et al. 2017) project for the optical broad-
band photometry: g, r, i, z′, and Y bands. This catalog
covers a large region of the XMM-LSS SpARCS field
and the majority of the ELAIS-N1 SpARCS field, as
shown in Figure 1. The total overlapping area is about
16.5 deg2. The HSC-SSP survey consists of three layers
1 http://hsc.mtk.nao.ac.jp/ssp/
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Figure 1. Coverage of the available data in the ELAIS-
N1 (top) and XMM-LSS (bottom) fields used in the present
work. Blue regions represent the HSC-SSP deep layer from
the first data release; red areas show the SpARCS/SWIRE
coverage; green areas are the SERVS data; and, purple re-
gions come from UKIDSS-DSX. The clusters analyzed in this
study (black circles, see § 2.5) are in the overlapping regions
of HSC and SpARCS.
of depth (wide, deep, and ultra-deep), with our fields
of interest being part of the deep layer. The 5σ depths
estimated by the HSC-SSP team for the deep layer are
26.8, 26.6, 26.5, 25.6, and 24.8 mag for the g, r, i, z, and
Y bands, respectively.
For NIR data we benefit from the UKIDSS project
(Lawrence et al. 2007). From the final data release of
DXS (Deep Extragalactic Survey, DR10), we have J and
K data covering a significant portion of both fields.
Additional NIR photometry comes from the SWIRE
Legacy survey (Lonsdale et al. 2003), which is the NIR
band photometry for SpARCS. This survey has imaged
nearly 50 deg2, in six high-latitude fields, with Spitzer
at 3.6, 4.5, 5.8, and 8µm using IRAC (Fazio et al. 2004)
and at 24µm using MIPS (Rieke et al. 2004). Addi-
tional deeper observations in IRAC 3.6 and 4.5µm bands
are available from the more recent Spitzer Extragalactic
Representative Volume Survey (SERVS, Mauduit et al.
2012). IRAC data are taken from the band-merged cat-
alog of the XMM-LSS and ELAIS-N1 fields. For these
merged catalogs we estimated the 90% completeness
magnitude limit values of 20.7, 20.8, 19.6, and 19.5 mag
for 3.6, 4.5, 5.8, and 8µm bands, respectively. The de-
tails of catalog construction are discussed in § 2.4.
2.2. Spectroscopic redshifts
The HSC-SSP DR1 catalog already includes the sig-
nificant amount of spectroscopic data publicly available
in these fields. For the ELAIS-N1 field data come from
SDSS DR12 (∼ 3100 spectroscopic sources). For the
XMM-LSS field, data from various surveys are available:
SDSS DR12, PRIMUS DR1 (Coil et al. 2011), VIPERS
PDR1 (Garilli et al. 2014), and VVDS (Le Fe`vre et al.
2013). The overlapping regions of these spectroscopic
surveys with the HSC-SSP catalog of the XMM-LSS
field contain a total of 49930 spectroscopic sources. We
use these data to verify our cluster and photometric red-
shifts.
2.3. Photometric redshifts
Photometric redshifts are taken from the HSC-SSP
DR1. The release contains different photometric red-
shifts computed using six independent codes. We use
the values obtained through the DEmP algorithm (Hsieh
& Yee 2014). This code combines the nearest neigh-
bor technique in multiple color-magnitude spaces with
a polynomial fitting technique. The redshift value for
each object is estimated using the 40 nearest neighbors
in the nine-dimensional space (five magnitudes axes and
g−r, r− i, i−z′, z′−Y color axes using a PSF-matched
aperture photometry) with a linear function. The red-
shifts obtained with this methodology show a good cor-
relation with their corresponding spectroscopic values
(σ(1+z) = 0.049), especially within our range of interest,
between 0.2 and 1.1. Further details on the photometric
redshift computation of HSC-SSP data are described in
Tanaka et al. (2017).
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2.4. Selection of galaxies with clean photometry
For selecting sources with reliable photometry, we
follow the HSC SSP team recommendations. We
select primary objects, which means objects that
have been deblended and are in the inner patch and
tract2. We also apply a set of flags to make sure
that the objects do not suffer from problematic pixels
(flags pixel interpolated center, flags pixel -
edge, flags pixel cr center), their centroids are cor-
rect (centroid sdss flags), their photometric mea-
surements are good (parent flux convolved flags,
cmodel flux flags), and they survived the junk sup-
pression step3 (detected notjunk) for the five photo-
metric bands.
The star/galaxy separation was performed using the
classification extendedness parameter, which esti-
mates the difference between photometry from PSF and
CModel4. For compact sources, the CModel measure-
ment approaches PSF photometry asymptotically and
the difference in magnitude becomes small. In the HSC
catalog, the extendedness parameter takes the value 0
when the difference is sufficiently small, and 1 other-
wise. Thus, we remove from our sample only those ob-
jects which are classified as point sources in all five HSC
bands. This stringent criterion for classifying an object
as a star is due to faint small galaxies that are often
classified as point sources. Furthermore, at faint mag-
nitudes, there are many more galaxies than faint stars
in high Galactic latitude fields and the overwhelming
number of objects are galaxies. The number of stars re-
jected this way represent 6.5% of our galaxy catalog. In
Figure 2 black and gray histograms show the distribu-
tions before and after removing the stars, respectively.
In particular, the peak seen in the 0.7<z < 0.9 panel,
placed at rare blue V − J colors and red U − V colors,
shows the importance of removing such point sources
from our catalog. Taking advantage of the ancillary J
and K data, we perform a sanity check of the star classi-
fication based on the extendedness parameter. We find
that 90, 77, 87, and 59%5 of the objects classified as
2 Tracts are areas of 1.7× 1.7 square degrees of the sky pre-
defined as an isolatitude tessellation. Those are further divided
into 9× 9 sub-areas, each of which is 4200 pixels on a side, called
patches.
3 Subtraction of the very local sky to detect spurious sources.
About 7% of the objects are flagged as junk.
4 Composite model photometry that fits a linear combination
of exponential and de Vaucouleurs profiles convolved with PSF to
objects (Lupton et al. 2001; Abazajian et al. 2004; Bosch et al.
2017).
5 The total number of sources classified as stars are 7135, 4077,
4215, and 550 at z∼ 0.4, 0.6, 0.8, and 1, respectively. These num-
stars at z∼ 0.4, 0.6, 0.8, and 1, respectively, show blue
J −K colors (J −K< 1).
Once we have our clean optical photometric catalog
(griz′Y ), we cross-match it with the infrared catalogs.
We use the nearest neighbor technique using a maxi-
mum separation radius of 1′′ for UKIDSS, and 1.5′′ for
IRAC/SWIRE+SERVS. The absolute separation dis-
tribution peaks at 0.06′′ and at 0.2′′ for UKIDSS and
IRAC/SWIRE+SERVS, respectively.
2.5. Cluster sample and membership
The clusters analyzed in this study are from two of
the six SpARCS (Muzzin et al. 2009; Wilson et al. 2009)
fields. Clusters are originally found using a slightly mod-
ified version of the cluster red-sequence algorithm devel-
oped by Gladders & Yee (2000, 2005). The code is de-
scribed in more detail in Muzzin et al. (2008). The only
modification of the algorithm from Muzzin et al. (2008)
is that of the optical band in the color, z′ - 3.6µm instead
of R - 3.6µm. From the full sample of cluster candidates
we choose those with richness Nred
6 > 6.0 (equivalent to
Bgc
7 & 330), in order to reduce the number of false clus-
ters. The approximate cluster mass limit is 9× 1013 M,
computed using Equation 9 from Muzzin et al. (2007)
which relates Bgc and M200 (the mass within a radius
that encloses a density 200 times the critical density of
the Universe).
The original SpARCS sample has 188 and 167 cluster
candidates in the ELAIS-N1 and XMM-LSS fields up to
redshift 1.2 and Nred > 6.0, respectively. This is chosen
as our parent sample, which we further refine in several
ways. The first is that the redshifts were defined using
only the red-sequence, but now we have full photometric
redshift information. We use this information to refine
the cluster redshifts as follows:
1. We compute stacked red-sequences for clusters in
redshift bins of 0.1 from zSpARCS = 0.3 up to 1.1, where
zSpARCS is the original SpARCS catalog cluster photo-
metric redshift, by considering galaxies at a maximum
distance from the cluster center of RMAX = 1.5 Mpc and
a redshift range defined by σ∆z = 0.05, where we use
both photometric and spectroscopic redshifts. Note that
we use observed magnitudes, so the color-magnitude dia-
gram employed is different for different redshift bins. We
fit a line to the galaxies within the red color region (1.1-
1.8, 1.3-1.9, and 1.3-1.9 in g−r vs. r for zSpARCS∼ 0.35,
bers show that HSC photometric redshift estimate for stars tend
to put them preferably at z∼ 0.4 and 0.8.
6 Number of close neighbors of a red galaxy.
7 Cluster-center galaxy correlation amplitude, usually used to
quantify the environment of radio galaxies.
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Figure 2. UVJ color-color diagrams for different cluster redshift bins. Red lines separate UVJ-quiescent (top left region) and
UVJ-star-forming (bottom and right regions) galaxies. The number in the bottom right corner of each central panel indicates the
stellar mass completeness limit used in each redshift bin. Top and right panels show V − J and U − V histograms, respectively.
Gray histograms show the final sample of galaxies employed, while black histogram shows the sample before removing the
point-like sources (see § 2.4).
0.45, and 0.55, respectively; 1.1-1.9, 1.4-2.1, 1.6-2.3,
and 1.7-2.4 in r − z′ vs. z′ for zSpARCS∼ 0.65, 0.75,
0.85, 0.95, respectively; and, 1.9-3.0 in r − Y vs. Y for
zSpARCS∼ 1.05) and define the 98% confidence intervals
of the fit as the red-sequence region.
2. For each cluster, we utilize galaxies interior to the
maximum cluster-centric radius of RMAX = 0.5 Mpc and
σ∆z = 0.2 within the fitted red-sequence region to de-
fine an initial cluster redshift, zCL, which is the peak of
the redshift probability density function resulting from
the sum of the zPDF of all these red-sequence galaxies.
Here, we reduce the distance to the cluster center to
avoid contamination due to nearby clusters in the pro-
jected plane, and use a wider redshift range to take into
account the uncertainty in the original SpARCS redshift
estimation.
3. For clusters with catastrophic photometric red-
shifts, defined as either a difference between the red-
shift of the SpARCS BCG and zSpARCS of larger than
0.15× (1+z), or when less than three red-sequence
galaxies are found in the previous step, we define a
provisional zCL as the peak of the redshift PDF result-
ing from the sum of the zPDF of all galaxies, not only
the red-sequence ones. We perform step 2 again chang-
ing zSpARCS to the provisional zCL, and estimate the
initial zCL when more than two red-sequence galaxies
are found.
4. We repeat steps 1 and 2 changing zSpARCS to the
initial zCL to determine the final zCL. The red-sequence
region obtained after the second iteration is shown in
Figure 3 as the gray shaded area between the black
curves. From the original SpARCS catalog, the persis-
tent catastrophic zSpARCS clusters (i.e., when less than
three red-sequence galaxies are found after the second
iteration) are flagged with value 9, and those clusters
outside the HSC-SSP field of view are flagged with value
-99. Clusters flagged with either of these values are not
included in the analysis of this paper.
After these cuts, the final sample of clusters with
which we work comprises of 127 in ELAIS-N1 and 82 in
XMM-LSS. We then select potential cluster galaxies by
selecting galaxies that are within the cluster photometric
redshift slices. We adopt spectroscopic redshifts when
available and DEmP photometric values for the rest of
the galaxies. The final galaxy catalog includes a total
of 1264407 galaxies, with 60% of them in the ELAIS-
N1 field and the remainder in the XMM-LSS field. For
each cluster, we use galaxies that are included in a slice
defined by the zCL± 0.05× (1+zCL) range and up to
20 Mpc in cluster-centric radius. We note that since the
slices associated with the clusters can overlap, a galaxy
in overlapping areas can be included in multiple slices.
We compare our photometrically determined cluster
zCL with available spectroscopic measurements from the
XMM-LSS survey from Adami et al. (2011) and Willis
et al. (2013) for 20 clusters, and we obtain a good cor-
relation with a slope of 1.04 and RMS = 0.015. More-
over, we take advantage of the large spectroscopic sam-
ple to double check our zCL values. We identify clus-
ters whose BCGs have spectroscopic redshifts and com-
pute the peak of the distribution of the spectroscopic
redshifts, including that of the BCG, within R200 and
σz = 0.05. Considering the 70 BCG-selected clusters
with three or more spectroscopic redshifts, we find that
RMS of the zCL versus zSPEC relation is 0.02. We note
that 11 out of these 70 clusters overlap with the XMM-
LSS cluster sample. These comparisons show that the
photometric cluster redshift estimates are very accurate.
3. FRACTION OF STAR-FORMING GALAXIES
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Figure 3. Color-magnitude diagrams (CMD) for different cluster redshift bins in the two fields: ELAIS-N1 (the two top rows)
and XMM-LSS (the two bottom rows). Red and blue colors represent the 2D histograms of UVJ-quiescent and UVJ-star-forming
galaxies, respectively. The number in the bottom left corner of each panel indicates the number of clusters in each bin, which
are stacked and used to calculate the red sequence. The shaded region between the two black curves defines the red-sequence
region, i.e., the 98% confidence interval of the fit (used to determine the final cluster redshift, see points 1 and 4 in §2.5). The
dotted lines indicate the magnitude completeness limit.
3.1. Stellar masses and UVJ rest-frame colors
With our 11-band (grizY JK, 3.6, 4.5, 5.8, 8.0µm8)
catalog we estimate stellar masses and rest-frame colors.
8 Note that ∼ 10% of clusters have only 9 bands as there is a
non-negligible area in the XMM-LSS field without J and K data.
We compare the stellar masses estimated with and without J and
K bands, for the galaxies with these bands available, and we obtain
a good correlation with a slope of 0.97 and RMS = 0.3
For both computations, we use SED-fitting software and
the photometric/spectroscopic redshifts of the galaxies
themselves.
To determine stellar masses we use the LePhare code
(Arnouts et al. 1999; Ilbert et al. 2006) to fit the stel-
lar part of the spectrum with Bruzual & Charlot (2003)
population synthesis models, with star formation his-
tories exponentially declining as e−t/τ . The complete
template library was built considering solar metallicity,
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Figure 4. The photometric cluster redshift, estimated as de-
tailed in Section 2.5, versus the spectroscopic cluster redshift
obtained from a subsample of spectroscopic galaxies within
15000 km s−1 of BCGs that have spectroscopic redshifts (blue
circles) and from XMM-LSS survey (orange squares, Adami
et al. (2011); Willis et al. (2013) ). The size of the symbols
is scaled with the cluster richness. The total number of clus-
ters shown is 80, as we do not plot the 11 clusters from the
BCG-selected sample that are already included in the X-ray
sample.
nine different values of τ (from 0.1 to 30 Gyr) with 57
steps in age, and the extinction law of Calzetti et al.
(2000) with values of E(B − V ) ranging from 0 to 1.
The templates also account for the contribution of the
emission lines to the flux. We assume the initial mass
function (IMF) of Chabrier (2003).
The rest-frame U −V and V − J colors are computed
with the EAZY (Brammer et al. 2008) program. We use
a combination of a reduced set of seven templates, sim-
ilar to the Brammer et al. (2008) original set: five are
the reduced set from Grazian et al. (2006) templates but
with emission lines to match Ilbert et al. (2009)’s pre-
scription, the sixth template accounts for dusty galaxies
that do not appear in semi-analytic models, and the fi-
nal template is an evolved Maraston (2005) model to
be red enough for massive old galaxies at z < 1. Our
lower redshift limit of z= 0.3 is set to ensure a good es-
timation of rest-frame magnitudes, as the bluest filter
we have available is the g band.
These rest-frame colors allow us to classify galaxies as
UVJ-star-forming and UVJ-quiescent, as shown by the
UVJ color-color diagrams of Figure 2 and the 2D col-
ored distributions of Figure 3. The cuts used to define
the star-forming and quiescent regions are slightly mod-
ified from the calibration made by Williams et al. (2009)
to fit the bimodality in our data. The criteria are U −
V > 1.45, V −J < 1.5, and U−V > 0.88× (V −J) + 0.59.
Figure 3 shows a good agreement between the classifica-
tion made using UVJ colors and the red sequence com-
puted in Section 2.5 for the selection of cluster galaxies,
where most of the quiescent population fall within the
red sequence region and some of the SF galaxies popu-
late its faint end.
3.2. Stellar mass completeness
A careful study of the evolution of the SF fraction
needs to take into account different completeness lim-
its at different redshifts. Therefore, we have examined
the stellar mass differential distributions and define the
stellar mass threshold for each redshift range as the
peak and, when studying evolution, compare samples
in equivalent stellar mass bins. The values obtained for
the stellar mass limit are logM?/M= 8.6, 8.6, 9.5, and
9.7 for z∼ 0.4, 0.6, 0.8, and 1, respectively.
3.3. Background subtraction
Our estimation of the number of star-forming galaxies
over the total number of cluster galaxies is contaminated
by the inclusion of field galaxies due to our selection
method based on photometric redshifts. We make use of
the large coverage of our catalog to correct for this back-
ground contamination. We generate background field
control samples for each cluster considering those galax-
ies in an annular area of inner R/R200 radius 6 and outer
R/R200 radius 9. The selection of these radii is a com-
promise between being sufficiently large that no cluster
galaxies are included and not so large that the correction
for the area outside our spatial coverage and the contam-
ination due to nearby clusters are small. The results we
show are stable against changes in the size of the area
used for defining the background control sample, which
we expect, given the surface galaxy density as a func-
tion of the radius is almost flat beyond ∼ 2.5 Mpc. The
subtraction of the background signal is performed when
computing the fraction of SF galaxies, as described in
§3.4.
3.4. The SF fraction with Bayesian inference
The fraction of SF galaxies is, by definition, in the
[ 0, 1] range, but the presence of background sources
could yield unphysical values of negative fractions or val-
ues > 1 (a subsample is larger than the whole sample).
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This occurs when the following formula
fSF (Cluster) =
nSF (Cluster +Back) − nSF (Back)
nTOT (Cluster +Back) − nTOT (Back)
(1)
is used to compute the SF fraction in clusters. To avoid
nonsense fractions, we use Bayesian inference to calcu-
late the posterior probability that clusters have a frac-
tion of SF galaxies fSF , given the same quantities that
appear in Equation 1. We followed the methodology de-
scribed in Andreon et al. (2006) and the mathematical
details expounded in D’Agostini (2004). However, in-
stead of taken the median value from the posterior dis-
tribution as in Andreon et al. (2006), our estimate of
the cluster fSF is the peak of the posterior distribution
and its uncertainty is defined as the FWHM interval.
We compute the fSF for each cluster as a function of
the cluster-centric distance in four cluster redshift bins
(0.3≤ z < 0.5, 0.5≤ z < 0.7, 0.7≤ z < 0.9, 0.9≤ z < 1.1)
and five stellar mass bins (8.6≤ logM?/M< 9.0,
9.0≤ logM?/M< 9.5, 9.5≤ logM?/M< 10.0, 10.0
≤ logM?/M< 10.5, 10.5≤ logM?/M< 11.2). The
R/R200 bin width is 0.2, except for the highest stellar
mass bin where the width is increased to 0.4. R200 is
computed using Equation 2 from Muzzin et al. (2008)
which relates Bgc and R200. The results are presented
in Figure 5, where the fSF values for individual clusters
are shown as light colored points. To estimate the com-
posite fSF in each radial bin, we stack the galaxies from
all clusters in each bin and apply the same Bayesian
inference approach as for individual clusters. The result
obtained for the composite fSF is completely compat-
ible with the mean of the fSF of individual clusters.
The composite values are plotted as dark circles. The
diamond symbols and the light horizontal lines repre-
sent the near-field, from R/R200 = 4 to 6, for which we
use as a comparison “field environment”, and refer to
as “field” hereafter. These fSF field values have also
been background corrected. The squares denote the
value of the “background field” region employed for the
background correction from R/R200 = 6 to 9. We note
here that our fSF composite values at R/R200& 2 lie
along the value of the field. We note that this behavior
is not a bias of the method because the points have net
counts over that of the background field values.
3.5. Elimination of BCGs
As we are analyzing the effect of the cluster environ-
ment on the quenching of the star formation in its mem-
ber galaxies, we note that the brightest cluster galaxies
(BCGs) are special objects whose formation and evo-
lution is complex: they are involved in a combination
of galaxy merging, cluster cooling flows, AGN feedback
and star formation processes (e.g., Rawle et al. 2012;
Webb et al. 2015; McDonald et al. 2016). Thus, these
processes will affect our results, particularly in a sen-
sitive region as is the innermost R/R200 of the high-
est stellar mass bin. We select BCGs as the brightest
galaxy in the same magnitude used for estimating the
red sequence (i.e., r, z′, and Y bands for z=0.3-0.6,0.6-
1.0, and 1.0-1.1, respectively) and remove them from our
cluster galaxy sample.
4. RESULTS
In this section we present the results on the depen-
dence of the SF fraction on galaxy stellar mass, dis-
tance to the cluster center, and redshift. Our aim is to
trace how the evolution of the fraction of galaxies that
quench their star formation is connected to its cluster
environment by using cluster-centric radius. For this
purpose, we need to distinguish the effect of the cluster
environment from the secular evolution of galaxies. Our
approach is to measure the SF fraction as a function of
the environment at fixed stellar mass and vice versa.
4.1. The fraction of star-forming galaxies:
environment and mass dependency
The large amount of data available allow us to study
the fSF in four epochs, in R/R200 bins of 0.2 from the
cluster core to the field, and over a large range of galaxy
stellar masses at the same time, while maintaining small
errors, as shown in Figure 5. Note that for each redshift
we only show stellar mass bins down to their complete-
ness limit. The panels in this figure give us an idea
of the role of the stellar mass and the environment in
quenching star formation activity and their evolution.
Focusing on a single epoch, i.e., looking at one col-
umn in Figure 5, the composite fSF decreases drasti-
cally from 1 to below 0.5 from low to high stellar masses.
This drop is more dramatic for the lower redshift bins:
from logM?/M' 9.7 to 10.8 the field SF population
is reduced by a factor of ∼ 4. Over the redshift range
of 0.7 to 0.9 the field fSF is reduced by a factor of ∼ 3
over the same mass range. The decline of the fSF from
low to high stellar masses is evident not only in the ref-
erence value of the field, but also in the cluster core,
where the SF population decreases by a factor of ∼ 4
from logM?/M' 9.7 to 10.8 in all three lower redshift
bins. This trend is seen more clearly in Figure 6, where
the R/R200 dimension has been binned into three re-
gions and the fSF is presented as a function of the stel-
lar mass using narrower stellar mass bins. The regions
used are: the cluster core up to R/R200 = 0.4; the clus-
ter outskirts combining 0.4≤R/R200< 1; and the field
as estimated between 4≤R/R200< 6. We deliberately
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Figure 5. Fraction of SF galaxies as a function of the distance to the center of the cluster (R/R200). Panels from left to right
increase in redshift and from top to bottom in stellar mass, as indicated by top titles and labels on the right. Star-forming
galaxies are selected by their UVJ rest-frame colors. As described in § 3.4, the fraction is estimated for individual clusters
(smaller light color circles) using Bayesian inference to account for the background contamination. The composite fraction is
computed by stacking galaxies from all clusters and applying the same Bayesian formula (bigger dark circles), and the errors
are the FWHM of the posterior distribution. In the right secondary panels, diamond and square symbols indicate the mean
fSF of the “field environment” (also the horizontal line in main panels), defined by the region 4≤R/R200< 6, and the control
“background field”, defined by the region 6≤R/R200< 9, respectively. The width of R/R200 bins is 0.2, except for the highest
stellar mass bin where is increased to 0.4.
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Figure 6. Fraction of SF galaxies as a function of stellar mass in three different environmental regions: 0≤R/R200≤ 0.4
(cluster core, dark colored circles), 0.4≤R/R200≤ 1 (cluster outskirts, medium colored crosses), and 4≤R/R200≤ 6 (field, light
colored diamonds). We include the field value at the highest redshift bin as a reference in the other panels (dashed gray curve).
Arrows indicate the upper limit of the SF fraction at stellar mass bins where the star forming population is complete, but the
passive population is not. Panels from left to right increase in redshift as indicated by top titles. The dot-dashed horizontal
lines in the right panel are the locus of the fractions used to define M∗INI and M
∗
END. As in the previous figure, the fraction is
computed summing up galaxies from every cluster and using Bayesian inference to account for the background contamination,
and the errors are the FWHM of the posterior distribution. The width of stellar mass bins is 0.3 dex.
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Figure 7. M∗INI (blue bottom lines) and M
∗
END (pink top
lines) values, as defined in § 4.1, as a function of redshift
for three different environments: 0≤R/R200≤ 0.4 (cluster
core, dark colored circles), 0.4≤R/R200≤ 1 (cluster out-
skirts, medium colored crosses), and 4≤R/R200≤ 6 (field,
light colored diamonds). The two arrows indicate that the
measured value is just below our mass completeness limit.
exclude the plot of the 1≤R/R200< 4 region because
it overlaps with the field curve, as one can infer from
Figure 5.
With these data, we can quantify two characteristic
stellar masses: the mass at which the quenching process
starts, M∗INI, and the mass at which almost all galax-
ies are quenched, M∗END, using a simple procedure. We
estimate M∗INI at where fSF becomes lower than 0.8,
and M∗END at where fSF goes below 0.2 (as marked in
the right panel of Figure 6). The result is presented
in Figure 7. Note that all measured values are above
our stellar mass completeness limit. Within our redshift
range of study, we observe a clear trend in both mea-
sures: these characteristic stellar masses evolve to lower
values towards lower redshifts.
Figure 6 not only reveals information on the quench-
ing effects caused by stellar mass, but also about the
environmental quenching process that takes place in the
cluster environment. In these four panels, the curves
representing the cluster core show a shortage of the SF
population compared to the field at all stellar masses.
We observe little difference in the fSF vs. stellar mass
relation between the outskirt of the cluster and the field
in Figure 6 for the two higher redshift bins. However,
the relation for the cluster outskirts becomes slightly
lower for the 0.5≤ z < 0.7 bin, and significantly lower
for the lowest redshift bin at all stellar masses. This in-
dicates that little or no environmental quenching effect
as measured by fSF is evident beyond R/R200∼ 1 for
clusters at z ≥ 0.7.
4.2. Evolution of the SF fraction: environment and
mass dependency
Focusing on a single stellar mass bin in Figure 5, i.e.,
analyzing rows, we can study the evolution of the SF
fraction with redshift. In Figure 8, in a fashion simi-
lar to previously done in Figure 6, we bin the R/R200
dimension in three regions to show the fraction of SF
galaxies as a function of epoch. In these panels we ob-
serve the strong evolution of the fraction of SF galaxies
with redshift, first seen by Butcher & Oemler (1984),
and subsequently many other studies (e.g., Balogh et al.
1999; Poggianti et al. 2006; Saintonge et al. 2008; Brod-
win et al. 2013; Wagner et al. 2017; Jian et al. 2018).
Furthermore, our large sample of clusters covering a
relatively large range of redshift demonstrates clearly
the dependence of this evolution on both galaxy stel-
lar mass and the cluster-centric radius. In the far right
panel of Figure 8, we see how more massive cluster galax-
ies (logM?/M ≥ 10.5) are mostly quenched by z∼ 0.6
(fSF ≤ 0.1). We find that the change of fSF is fraction-
ally larger for higher stellar mass galaxies, in both the
field and the cluster environment.
The large area coverage of our data allows us to an-
alyze large radii and define the field and the cluster in
a consistent way, being able to confidently compare the
fSF evolution curves of the different environments. The
four panels in Figure 8 show how the cluster environ-
mental impact shifts the fSF to lower values compared
to the field for all redshift and stellar mass bins, but such
a shift also depends on redshift and stellar mass. The
shift between the fSF of the cluster core and the field
is fractionally larger for lower redshift bins and higher
mass galaxies. Thus, the environment causes a steepen-
ing of the fSF vs. redshift curves.
4.3. Possible systematics and their effects on the fSF
results
4.3.1. Photo-z uncertainties for different populations
A quantity that can be different for SF and quiescent
populations is the photometric redshift dispersion σ∆z,
as the form of the SED of quiescent galaxies makes it
easier to estimate the correct redshift through photomet-
ric data fitting. We employ the available spectroscopic
data to examine the dispersion of the zSPEC vs. zPHOT
relation for these two populations. We find that, though
the SF sample contains more outliers (20% versus 14%
of the galaxies are outside the 0.05×(1+z) interval), the
σ∆z for the SF and quiescent populations are not sig-
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Figure 8. Evolution of the fraction of SF galaxies in four stellar mass bins and in three different environments: 0≤ R/R200 ≤ 0.4
(cluster core, dark colored circles), 0.4≤ R/R200 ≤ 1 (cluster outskirts, medium colored crosses), and 4≤ R/R200 ≤ 6 (field,
light colored diamonds). Panels from left to right increase in stellar mass as indicated by top titles. We include the cluster
value at the highest stellar mass bin as a reference in the other panels (dashed black curve). As in previous figures, the fraction
is determined from the composite cluster galaxy sample and applying Bayesian inference. The errors are the FWHM of the
posterior distribution.
nificantly different and, down to our mass completeness
limit, are less than 0.05. This means that we are not
biasing our result when selecting cluster galaxies in red-
shift slices of σ∆z = 0.05.
4.3.2. Cluster sample: missing clusters?
As mentioned in Section 2.5, our initial sample of clus-
ters is limited to those with Nred > 6.0, and then it
is cleaned by excluding clusters that fall outside of the
HSC area or do not have enough red-sequence galax-
ies to determine zCL by means of a photometric red-
shift distribution. This procedure helps us to reduce
the contamination of false clusters, but it might bring
the question of the lack of clusters with very blue popu-
lations, as by construction our sample is biased towards
clusters with well-defined red sequences. Nevertheless,
the richness limit of Nred = 6.0 is rather low and we
require only a small number of red sequence galaxies
to estimate the cluster redshift, just > 3. Even for the
case of a cluster with a very high fraction of blue galax-
ies, we still expect it to have a number of red galax-
ies, and, since we find no literature reporting the de-
tection of such blue clusters we can safely argue that
the number of missing clusters is very low. In addi-
tion, when comparing X-ray selected clusters from the
XMM-LSS distant cluster survey and clusters from the
red-sequence method of SpARCS cluster survey, Willis
et al. (2018) find that 10/10 spectroscopically confirmed
XMM-LSS clusters at 0.8< z < 1.2 are matched to a
SpARCS cluster at the same redshift range. Foltz et al.
(2015) observed no measurable differences between the
properties of quiescent cluster members in clusters se-
lected by different methods at z∼ 1, and they found a
remarkable agreement in color-magnitude relation zero
point throughout their cluster samples, indicating that
the red-sequence method does not preferentially select
older, more evolved systems. Furthermore, we note that
the fSF in the field in much lower than 1 for high-mass
galaxies at all redshifts (Figure 8), so even clusters that
show no additional quenching above what would be ex-
pected for a field population would still be detected us-
ing the red-sequence method.
4.3.3. Cluster sample: progenitor bin
Lin et al. (2017) probed a similar redshift range us-
ing a sample of clusters constructed with another red-
sequence algorithm, and concluded that the top N clus-
ters from redshift bins occupying similar comoving vol-
umes are a good approach for studying the evolution of
clusters and their galaxy populations. Our data allow us
to examine the same redshift bins as in Lin et al. (2017)’s
work (z= 0.3-0.6, 0.6-0.77, 0.77-0.9, 0.9-1.02) and select
the top N = 30 halos to probe the solidity of our re-
sults. We obtain compatible results: the fSF reference
value (horizontal lines in Figure 5) remained practically
unaltered, with variations of around 3%. The larger dif-
ferences appear at the highest mass bin of the 0.6 to
0.77 redshift bin, where fSF values at R/R200∼ 1.0 are
higher and also the field fSF value is around 20% higher,
which could be explained by the slightly narrower and
higher redshift bin, since fSF values increase with red-
shift. In general, the overall shape of the SF fraction
as a function of R/R200 is almost indistinguishable from
that of using the whole sample.
4.3.4. Cluster center
As we are analyzing the effect of the environment as
measured by the distance to the center of the cluster,
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normalized by its R200 value, the definition of that cen-
ter could affect our results. Thus, we have also tested
the dependence of our results on the identification of
the center of the cluster. We define the cluster cen-
ter as the center of the overdensity of galaxies, as esti-
mated by SpARCS red-sequence algorithm, but we can
also calculate the distance to the BCG and use this as
a proxy for the R/R200 parameter. We can safely con-
clude that there are no systematics due to the exact def-
inition of the center of the cluster, as using the BCGs
does not change our results on the radial dependence of
the SF fraction. We observe comparable shapes in all
the projections of the fSF , R/R200, M?, and z parame-
ter space, showing no environmental quenching beyond
R/R200∼ 1.5 in the redshift range we cover.
4.3.5. UVJ colors
The UVJ diagram exhibits a strong dependence on
the stellar mass: smaller (bluer) U − V values are pop-
ulated by lower stellar mass galaxies, while the highest
(reddest) U − V values are populated by the most mas-
sive galaxies. Thus, our results, especially when bin-
ning in stellar mass, could strongly depend on the UVJ
boundaries selected (see Section 3.1). We have observed
that slight variations in the UVJ limits for classifying
SF/quiescent galaxies change the reference value of the
SF fraction but not its shape; i.e., the horizontal line in
Figure 5 moves up/down as we shrink/spread the lim-
its with respect to the passive population. The highest
stellar mass bin is particularly sensitive to the V − J
threshold, and using threshold values larger than 1.6
makes the fSF zero even for larger cluster-centric dis-
tances. Nevertheless, we note that the radial gradient
of the SF fraction is always apparent, independently of
the UVJ limits used.
5. DISCUSSION
Considering “mass quenching” as part of the secular
evolution of a galaxy, we identify the field fSF as the re-
sult of the processes related to the “nature” of a galaxy.
On top of that fiducial fSF value we measure the effect
of the cluster environment, which can be interpreted as
an acceleration of the quenching process, the “nurture”
component. In this scenario, we analyze the dependence
of the fSF on galaxies’ stellar mass and position within
the cluster halo, and how it evolves.
5.1. The dependence of the fSF on galaxy stellar mass
Focusing on the fSF curves representing the field envi-
ronment in Figure 6, we observe how the mass quenching
pushes down the fSF starting with the high mass galax-
ies at earlier epochs and affecting increasingly lower stel-
lar mass galaxies as we move to more recent epochs.
We introduce the parameters M∗INI and M
∗
END (Sec-
tion 4.1) as a direct way to quantify the dependence
of fSF on stellar mass. We are witnessing the mass-
dependent evolution of the quenched population: more
massive galaxies turn off their star formation becoming
red and passive first, as have been observed by many
others (e.g., Cowie et al. 1996; Marchesini et al. 2009;
Muzzin et al. 2013; Tomczak et al. 2014; Sobral et al.
2014). Our approach allows us to determine the fSF
dependence on stellar mass for different cluster-centric
radii and for different redshift bins. In the same way
as described by Fang et al. (2017) through their UVJ
diagrams grid, we clearly see the buildup of the qui-
escent population in both the cluster and the field in
Figure 5. By choosing a stellar mass and redshift bin
and searching for the most similar plot at higher mass,
we will always identify it with that of an earlier epoch
(e.g., panel 9.5≤ logM?/M< 10 at 0.5≤ z <0.7 is most
similar to panel 10≤ logM?/M< 10.5 at 0.9≤ z <1.1).
The rise of M∗END (and M
∗
INI) with redshift also con-
firms that more massive galaxies evolve more quickly
(Figure 7); while log M?/M> 11.1 galaxies are already
mostly quenched by z∼ 1, most of the logM?/M& 10.6
galaxies are also quiescent by z∼ 0.4. The M∗END value
we have defined is equivalent to the upper stellar mass
limit of the blue cloud recently measured by Haines et al.
(2017) using the d4000 -M? plane for field galaxies. The
authors find that the upper stellar mass limit of the blue
population is steadily retreating towards lower redshifts,
from logM?/M= 11.2 at z∼ 0.9 to logM?/M= 10.9
at z∼ 0.58. This is in good agreement with our field
M∗END values. Remarkably, the trend we observe for
field M∗INI is also compatible with the local (z < 0.055)
study of Geha et al. (2012), since these authors find
that quenched galaxies in the field do not exist below
log M?/M= 9.
Our quantitative measures of field M∗INI and M
∗
END for
different redshifts could be useful to test galaxy forma-
tion models and constrain the physical mechanisms re-
sponsible of mass quenching at 0.3≤ z <1.1. These kinds
of estimates demonstrate the capability of photometric-
redshift studies to produce useful information by provid-
ing sample sizes that are much larger than those from
spectroscopic surveys over a wide redshift range.
5.2. The dependence of the fSF on environment
5.2.1. Radial gradient of fSF
On top of the “natural” buildup of the quiescent pop-
ulation, we observe an excess of quiescent galaxies to-
wards the cluster core that gives evidence to a quench-
ing process driven by the cluster environment. Many
previous works have shown the radial dependence of the
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red/blue fraction in groups and clusters of galaxies. Us-
ing a sample of ∼ 1000 clusters at 0.45≤ z ≤ 0.9 drawn
from the first Red-Sequence Cluster Survey (RCS1), Loh
et al. (2008) found that the red fraction ofR/R200 < 0.25
galaxies was much greater than at larger radii and
that there is a moderate evolution in the red fraction
at radii smaller than 0.5R200 over the small redshift
range. Raichoor & Andreon (2012), using an X-ray se-
lected cluster sample of 25 clusters up to z∼ 1, showed
that the dependence of the fraction of blue galaxies
with cluster-centric distances held for different galaxy
mass bins. More recently, Lin et al. (2014) and Jian
et al. (2017) studied galaxy groups in Pan-STARRS1
Medium-Deep Survey and found that the quiescent frac-
tion slightly decreased as the radius increased, and that
the slope of fQ (quiescent fraction) as a function of the
cluster-centric radius was steeper for less massive galax-
ies (logM?/M. 10.1). Our work confirms and extends
these findings to lower stellar mass bins.
We observe a confinement of the cluster effect to
within R'R200. From panels in Figure 5, we can in-
fer that the effect is mostly interior to R/R200 ∼ 0.5,
except for the lowest redshift bin or the highest stellar
mass bin, where the effect of the environment extends
to R/R200 ∼ 1 - 1.5. This is also observable in Figure
6, where the cluster fSF vs. logM?/M curves show
that the strongest impact happens at the very cluster
core, while the outskirts curves show the cluster envi-
ronment affects larger R/R200 primarily toward later
epochs. Allen et al. (2016) found a similar extent of
the cluster effect: cluster SF galaxies within 0.5Rvir
have lower mass-normalized average sizes, and a higher
fraction of Se´rsic indices with n> 1, than field SF galax-
ies. However, they measure consistent mass-normalized
average SFR for SF galaxies in the cluster outskirts and
core, but is elevated by a factor of two in the field, sug-
gesting that environmental effects extend to 2Rvir. The
authors argue that galaxies in the cluster outskirts have
begun to quench, but that is not yet reflected in their
sizes/morphologies and they remain star-forming for 2-
4 Gyr after their first cluster infall, in accordance with
Wetzel et al. (2013). The fSF parameter used in this
study is sensitive effectively only to completely quenched
galaxies. Our result of the radial gradient and our data
are equally consistent with two scenarios. The radial
gradient of fSF , flat from the field to R.R200 and then
strongly decreasing towards the cluster core, is consis-
tent with a delayed environmental quenching scenario
in which galaxies remain unaltered after first entering
the cluster outskirts and then rapidly quench when ap-
proaching the core. However, the observed radial gradi-
ent is also consistent with a scenario in which galaxies
after entering the outskirts remain star forming, but at
a lower mass-normalized rate, and completed quench-
ing does not occur until significantly well past the virial
radius.
From Figure 5 alone, we cannot definitively deduce
whether the extent of the effect of the environment, as
indicated by the R/R200 at which the fSF drops, evolves
or not. The larger extent of the cluster effect at our low-
est redshift could be a sign of environmental quenching
evolution, but also could be caused by the cluster sam-
ple selection. In re-analyzing the data using the Lin
et al. (2017) cluster sample setup (see § 4.3.3), the dif-
ferences between the curves in Figure 6 representing the
field and the cluster outskirts still remain for clusters in
the two lower redshift bins (z < 0.77). Further analysis
of Figure 5 also gives a hint of a potential dependence
of the cluster sphere of influence with galaxies’ stellar
mass. In the next paper of this series we will investigate
such evidence and its implications on the environmental
quenching effect.
5.2.2. The environmental dependence of M∗INI and M
∗
END
As shown in Figure 7, the stellar masses M∗INI and
M∗END are lower in the cluster core than in the field at
all redshifts. This shift indicates that galaxies in the
cluster core have their quenching accelerated over what
is expected from mass quenching in the field, i.e., cluster
galaxies of certain stellar mass complete their quenching
earlier than field galaxies of the same stellar mass. Such
a shift is at around 0.3-0.4 in logM?/M, except for
M∗INI at the highest redshift bin where it is reduced to
0.14 and for the M∗END at the lower redshift bins where it
is increased to 0.8-0.9. This effect produces fSF vs. M?
curves in 6 that are bunched up at the highest redshift
bin and more spread out at lower redshifts. While we
observe evolution with redshift for both characteristic
masses in all environments, the difference between them,
which is a proxy for the slope of the fSF vs. M? curves,
is almost constant for the field and the outskirts of the
cluster. For the cluster core, it appears that the fSF vs.
M? curves could be flattening towards lower redshifts,
but we are limited by the stellar mass completeness of
our two high redshift bins to arrive at a more definitive
result.
5.2.3. The effect of the local galaxy density
The global environment is sensitive to the cluster-
centric radius parameter, which gives the position with
respect to the gravitational potential of the parent halo.
Thus, R/R200 is useful to evaluate the role of mech-
anisms such as ram-pressure stripping, strangulation,
and global tidal effects from the cluster dark matter
halo mass. In order to have a complete picture of the
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quenching processes, one also needs to parametrize the
local galaxy density to measure the more immediate en-
vironment. Such a parameter will be sensitive to mech-
anisms that are dependent on the existence of neigh-
boring galaxies, e.g., harassment, galaxy-galaxy interac-
tions, and mergers.
While our sample size is large enough to study the
effect of the stellar mass and the position within the
cluster separately, a similar careful analysis of the local
galaxy density, at fixed cluster-centric radii, particularly
in the cluster core, requires a larger sample of clusters.
Li et al. (2012) studied the evolution of the red frac-
tion in a sample of 905 galaxy groups and clusters with
0.15≤ z < 0.52 from the first Red-Sequence Cluster
Survey. They analyze the fred dependence on four pa-
rameters: galaxy stellar mass, total group stellar mass,
normalized group-centric radius, and local galaxy den-
sity; and find that the relative effect of local density on
fred is roughly constant as a function of group-centric
radius, suggesting that one can separate the influence
between local galaxy density and the global effects of
the group environment. Their results also indicate that
both local galaxy density and cluster/group-centric ra-
dius are significantly correlated with galaxy population.
Therefore, even though a detailed study of the effect
of local galaxy density is essential to a clearer picture
of galaxy evolution, we expect that the conclusions de-
rived from the analysis of the cluster-centric distances
are correct.
5.3. The evolution of the fSF
The picture that galaxies evolve with redshift has been
largely demonstrated since Butcher & Oemler (1984)
showed that the fraction of blue galaxies in clusters is
higher at earlier epochs (see § 4.2). Our large sample
and the use of a large cluster-centric reference fSF (i.e.,
“field”) allow us to break down the dependence of the
evolution of fSF in detail by measuring fSF vs. z for
different stellar mass and cluster-centric radius bins si-
multaneously.
Raichoor & Andreon (2012) already showed the ben-
efit of using narrow stellar mass bins when studying the
evolution of the blue fraction in clusters. In particular,
in their highest stellar mass bin (logM?/M > 10.5, the
same as in Butcher & Oemler (1984)’s work), these au-
thors observed no evolution of the blue fraction up to
z = 0.43, and only when including one cluster at z= 1.05
they measured an increase of the blue population. Our
data allow us to study in detail their redshift gap, and
locate the rise of the fSF of the most massive galaxies at
z > 0.7. Although we cannot make a direct comparison,
since their sample of clusters is X-ray selected and their
inner cluster bin is up to R/R200 = 0.5, our results indi-
cate an increment of the fSF with redshift and towards
lower stellar masses shallower than the extrapolation of
their model (left panels in their Figure 13).
Figure 8 shows that the galaxy evolution observed in
clusters, reflected by the increase of the blue popula-
tion towards higher redshifts, occurs as an extension
of the galaxy evolution of the field galaxies. This is
not surprising considering that clusters of galaxies are
continually accreting galaxies from the field, and that
a non-negligible population of field galaxies is blended
into the cluster population. This evolutionary trend is
also easily seen from Figure 6. We have shown that the
total fraction of the star-forming population is driven by
lower-mass galaxies; however, the stellar mass at which
galaxies begin to quench is not constant but evolves to
higher values with higher redshift, as demonstrated by
M∗INI. This means that at a fixed stellar mass range, as
when calculating fSF of a mass selected sample, we will
obtain higher fSF values for higher redshifts. The fSF
vs. z relation may appear to be flat if the stellar mass
range in which it is computed is selected such that the
upper limit is .M∗INI of the lowest redshift bin or the
lower limit is &M∗END of the highest redshift bin. Con-
sequently, if a study is not careful with the stellar mass
limit, one may overestimate the effect (e.g., using a blue
luminosity limit instead of a stellar mass limit), or not
see any evolutionary effect (e.g., if the stellar mass limit
is too high for the redshift range studied).
5.4. Environmental and mass quenching efficiencies
5.4.1. Measuring env and mass
Following the approach of previous works, we esti-
mate the environmental quenching efficiency, env, to
explore the degree to which cluster galaxies have sup-
pressed their star formation relative to similar galaxies
in the field (van den Bosch et al. 2008; Peng et al. 2010;
Phillips et al. 2014). The formula that we employ is
env(r,m) = (fQ(r,m) − fQ(rfield,m))/fSF (rfield,m),
which accounts for the fraction of galaxies with stel-
lar mass m at a certain distance r from the cluster in
excess of those in the field. As in previous sections,
the field environment is defined as between R/R200 = 4
and 6. In the same way, the stellar mass quenching
efficiency, mass, is defined as the fraction of galax-
ies that are quenched compared to the SF popula-
tion at low stellar mass: mass(r,m) = (fQ(r,m) −
fQ(r,m0))/fSF (r,m0), where the reference mass m0 is
the lowest stellar mass at which (almost) all galaxies at
cluster-centric radius r are forming stars. In practice, we
use the stellar mass completeness limit for each redshift
bin. While these definitions are usually employed when
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Figure 9. Mass quenching efficiency as a function of the stellar mass and the cluster-centric distance for four redshift bins, as
indicated by the top labels. Purple curves show the contours at fixed mass = 0.25 and 0.5. Horizontal dashed lines indicate the
stellar mass completeness limit of each redshift bin.
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labels, and different stellar mass bins.
studying clusters, env and mass are usually defined by
means of the local galaxy density when analyzing field
galaxies. For env, works in the literature usually com-
pare the top local galaxy density quartile to the bottom
quartile; e.g., Kawinwanichakij et al. (2017) use δ75 and
δ25 instead of rcluster and rfield. Similarly, mass is de-
fined in field studies avoiding galaxies within the dens-
est environments, e.g., using only galaxies in the three
bottom local galaxy density quartiles, δ < δ75. These
different definitions complicate direct comparisons be-
tween different works and the resulting interpretations.
In Figures 9 and 10 we plot the 2D profile of the two
quenching efficiencies as a function of galaxy stellar mass
and cluster-centric radius for different redshift bins. We
note that env and mass are degenerate as the fraction
of SF galaxies, fSF (r,m), approaches 0, as both param-
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eters would approach the value of 1. When (almost) all
galaxies are quenched we cannot distinguish which of
the two quenching mechanisms, mass or environment,
has been more efficient.
5.4.2. Are mass and environmental quenching efficiencies
independent?
In the case of mass being independent of the envi-
ronment we expect in Figure 9 horizontal stripes with a
higher mass quenching efficiency for more massive galax-
ies and lower efficiency towards lower stellar masses. We
do observe a gradient with stellar mass, but the stripes
are not completely flat. This effect is more clear in Fig-
ure 11, where the mass quenching efficiency is plotted
as a function of R/R200 for various stellar mass bins.
We can see how mass appears as flat lines on top of
each other as we move towards higher stellar mass bins
for environments at R & R200, indicating that mass
is independent of R/R200. Peng et al. (2010), using
galaxy samples from SDSS and zCOSMOS concluded
that mass is completely independent of the environ-
ment, where environment is defined as quartiles in local
density. However, as we approach the cluster core, a
dependence of mass on R/R200 becomes evident: mass
is clearly more efficient towards the cluster center. This
fact suggests that in very dense areas, such as the cores
of clusters, galaxy formation history and evolution may
be different from that of the field. We may expect galax-
ies in the cluster core, on average, to be older than those
in the field, since some of them are likely formed “in
situ” (e.g., Maulbetsch et al. 2007). These galaxies may
be formed earlier and it is reasonable that they follow a
different mass quenching history than that of the “uni-
versal clock” of field galaxy mass quenching. Peng et al.
(2010) likely did not find this population of galaxies
formed in very dense environments because their galaxy
density did not sample sufficiently dense environments,
or the effect was masked by the large uncertainty in es-
timating local galaxy density.
Looking at Figures 9 and 10, we see how mass clearly
dominates over env outside R∼R200. But inside R200,
env grows faster than mass, such that for the interme-
diate to low stellar mass range (M? . 1010.3-109.7M de-
pending on the redshift) very close to the cluster center
they appear to be equally effective. We also observe how
both effects become less efficient with decreasing stellar
masses, in agreement with, e.g., Jian et al. (2017). Such
a clear dependence of env on stellar mass has been re-
ported by Kawinwanichakij et al. (2017) at z > 1. These
authors found that more massive galaxies experience
stronger environmental quenching, and they concluded
that the environmental quenching effects are not sepa-
rable from stellar mass at z& 1. However, at 0.5<z < 1,
they measured a env nearly independent of stellar mass.
van der Burg et al. (2018) found also that there is no
clear stellar-mass dependence of env in any radial bin
for a sample of Planck -selected clusters at 0.5<z < 0.7.
However, the stellar mass dependence that we find in
this redshift bin is mainly observed below their lowest
stellar mass bin, i.e., . 109.7M. We also note that their
sample of clusters consist of the most massive halos, very
likely more massive than the average of the halos we
are probing. Papovich et al. (2018), using the same
ZFOURGE dataset as Kawinwanichakij et al. (2017),
studied the stellar mass function of the quiescent popu-
lation and deduced that the observed shape requires an
environmental quenching that depends on stellar mass
even for the lowest redshift bin of 0.5<z < 1. Our mea-
surement of the environmental quenching is consistent
with their deduction, and extends to lower redshifts and
the very dense environment of the cluster cores.
Our results suggest that, within the cores of clusters,
mass and environmental quenching efficiencies, as de-
fined, are inter-dependent, and not separable. However,
the environmental influence in the core of clusters is un-
likely to arise from simply the much higher local galaxy
density, as the gravitational potential of the parent halo
must also exert a significant influence. In future work,
we will study this in greater detail by isolating the ef-
fects of local galaxy density at different cluster centric
radii, as attempted by (Li et al. 2012), which may pro-
vide key insights into the possible different quenching
mechanisms at play.
5.4.3. The evolution of the environmental quenching
efficiency
From the env displayed in Figure 10, we observe how
the influence of the cluster diminishes with increasing
redshift. At z> 0.7, env becomes significant only at
R/R200 . 0.6. In Figure 12 we show the evolution of the
environmental quenching efficiency in the cluster core
(R/R200 < 0.4) and its stellar mass dependence. By
estimating env in three stellar mass bins, we see how the
environment is more effective at quenching more massive
galaxies over the whole redshift range, as clearly revealed
by the color env map of Figure 10. Figure 12 shows
a strong evolution of the environmental quenching in
our redshift range of study, for all stellar masses. We
also observe that such evolution of env is similar for
different stellar masses. By definition, env accounts for
the fraction of galaxies that have been quenched by the
cluster in excess of those in the field across all time.
Hence the evolution with redshift we measure for env
could just reflect the increased time that galaxies have
been in clusters by z∼ 0.4 compared to z∼ 1. However,
to attribute the observed evolution to this, the fading
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Figure 12. Environmental quenching efficiency as a func-
tion of redshift for different stellar mass bins (red, teal,
and indigo regions) in the cores (R/R200 < 0.4) of our clus-
ter sample and various other samples from the literature.
Hatched area indicates that the stellar mass is below our
stellar mass completeness limit. Black and gray regions
show the environmental quenching efficiency of galaxies from
Peng et al. (2010) for their highest galaxy density quar-
tile for galaxies with 9.0< log M?/M < 11.0 from SDSS
and with 10.2< log M?/M < 11.0 from zCOSMOS, respec-
tively. Red circles show the measurements from Nantais
et al. (2017) for galaxies in clusters with log M?/M < 10.3,
while the red rectangle region shows the result of van der
Burg et al. (2013) using the same sample up to z = 1.34.
Turquoise circles show the intermediate stellar mass bin
(9.8< log M?/M < 10.2) of galaxies in the highest-density
quartile from Kawinwanichakij et al. (2017).
time scale needs to be longer than the infall time scale.
Therefore, the changes we see in env with redshift likely
reflect a true evolution of the environmental quenching
efficiency.
Due to systematic effects such as stellar mass com-
pleteness limits, cluster sample selection, and different
definitions of environment (e.g., local galaxy density, dif-
ferent R/R200 distances), it is difficult to compare our
env curves with those in the literature directly. For field
galaxies, Peng et al. (2010) and Kawinwanichakij et al.
(2017) show lower env values and a smoother evolution
as illustrated in Figure 12. These studies define environ-
ment through local galaxy density and they do not fo-
cus on galaxy clusters; so, our fSF (rcluster,m) estimate
is very likely measured in a much denser environment
than the highest density quartile that Kawinwanichakij
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Figure 13. Mass quenching efficiency as a function of red-
shift for three R/R200 bins (red, green, and blue regions)
and two stellar mass bins (vertical and horizontal hatched
areas) for our sample of clusters. Gray and black regions
show the field mass quenching efficiency of galaxies in two
stellar mass bins from Peng et al. (2010)’s results in SDSS
and zCOSMOS. Turquoise up and down triangles show the
high and intermediate stellar mass bins, respectively, from
Kawinwanichakij et al. (2017), whose mass quenching effi-
ciencies are computed for galaxies in local galaxy densities
below the 75th percentile (δ < δ75).
et al. (2017) used to calculate env. Conversely, our
fSF (rfield,m) reference value is measured as the aver-
age between R/R200 = 4 and 6, which is likely closer
to the 50th percentile in local density than the lowest
density quartile used by Kawinwanichakij et al. (2017).
This difference would at least partly compensate for
the fSF (rcluster,m) measured in a denser environment;
therefore, if we could use a fSF (rfield,m) comparable
to that of Kawinwanichakij et al. (2017), we would ex-
pect our data to show an even higher env. Note that
we only include Kawinwanichakij et al. (2017)’s inter-
mediate mass bin in Figure 12. The steeper slopes of
our curves compared to Peng et al. (2010)’s and Kaw-
inwanichakij et al. (2017)’s trends could be interpreted
as the acceleration of the quenching produced by the
cluster with respect to the field/group environment.
Nantais et al. (2017) analyzed a sample of spec-
troscopically confirmed SpARCS galaxy clusters at
0.86< z< 1.65 with log M?/M> 10.3, showing a sub-
stantial evolution of the environmental quenching ef-
ficiency within their redshift range. Their trend is
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compatible with the strong evolution that we observe
(Figure 12), though the env we measure for our highest
stellar mass bin in the overlapping redshift bin at z∼ 1 is
considerably lower. However, our measurements are in
better agreement with van der Burg et al. (2013) using
the same data as Nantais et al. (2017) at 0.86<z < 1.34.
The large discrepancy is very likely due to how the envi-
ronmental quenching efficiency is computed, e.g., Nan-
tais et al. (2017) used different stellar mass completeness
limits than van der Burg et al. (2013). Furthermore,
we define the cluster core within R/R200≤ 0.4 and use
the same dataset to account for the field, while Nantais
et al. (2017) and van der Burg et al. (2013) consider all
galaxies within 1 Mpc and their field galaxies are from
the UltraVISTA/COSMOS catalog.
5.4.4. The evolution of the mass quenching efficiency
In Figure 13 we focus on the evolution of the mass
quenching efficiency in three different environments: the
cluster core (R/R200< 0.4), the outskirts of the cluster
(0.4≤R/R200< 1), and the field (4≤R/R200< 6). The
mass dependence is also analyzed by using two stellar
mass bins. As with the environmental quenching, the
efficiency of the mass quenching diminishes with higher
redshift. We observe how for the two stellar mass bins
the strongest evolution in our redshift range happens
between z∼ 0.6 and 1. However, the slope of the lower
stellar mass bin is steeper, suggesting that the evolution
of mass is faster for lower stellar masses. The R/R200
bins show again that the mass quenching within the clus-
ter environment (R.R200) is different from that of the
field. While it still depends on the mass of the galaxy,
i.e., mass quenching is more efficient for more massive
galaxies, galaxies in the cluster core are, on average, in
a more advanced stage of mass quenching. The mass
quenching dependence on environment within the clus-
ter core and stellar mass is clearly present in our entire
redshift range. However, for each mass bin, the slopes
of the three R/R200 bins are very similar, suggesting
that the environment does not affect the evolution of
the mass quenching efficiency, consistent with the sce-
nario that there is a population of galaxies formed “in
situ” in the cluster cores in earlier time, as described in
§ 5.4.2.
Our results for the outskirts and field environments
(blue and green hatched curves in Figure 13) are in rea-
sonable agreement with previous works on field galax-
ies. Our two stellar mass field bins are compatible at
lower redshift with results from Peng et al. (2010) and at
higher redshift with Kawinwanichakij et al. (2017)’s high
and intermediate mass bins, both in amplitude and evo-
lutionary rate with redshift. The differences can likely
be attributed to the slightly different stellar mass limits,
or the difference in stellar mass computation.
The interpretation of redshift evolution is complex due
to selection effects and, while the threshold of Nred> 6.0
takes care of the sensitivity to lower-mass clusters with
decreasing redshift, by using a fixed mass limit we are
not analyzing a progenitor/descendant sample. How-
ever, when using Lin et al. (2017)’s setup described in
§ 4.3.3, we obtain very similar evolutionary trends as in
Figure 13 (mass-limited sample) This suggests that the
effect of a mass-limited cluster sample does not mask
the trend with redshift.
5.4.5. Clues to the quenching process
Our results show a sharp decline of fSF at R.R200
after a remarkably steady field value, which extends up
to 6R/R200. The constant fSF value from the outskirts
to as far as 6R/R200 indicates that little or no envi-
ronmental quenching is acting outside the cluster, or if
there is an environmental quenching process acting out
to 6R/R200, it is independent of the distance to the
cluster center. The latter could be the case if, e.g., pre-
processing in groups or high-density regions is occur-
ring. At lower redshifts, several works have found that
the fraction of star forming galaxies in clusters is sup-
pressed with respect to the field value even at 3R/R200
(e.g., Haines et al. 2015; Chung et al. 2011). The com-
parison with these works is complex since, for example,
the sample selection is different, as we select SF galaxies
by the UVJ diagram while they use an SFRIR thresh-
old. Nevertheless, in the bottom panels of Figure 5,
we observe a trend of increasing R/R200 in the effect of
the environment from high to low redshift, which could
be compatible with the environmental effect found at
3R/R200 for z< 0.3 clusters. To come to a more defini-
tive conclusion we need a larger sample that allows us
the study of the fraction of SF galaxies as a function
of the local galaxy density at fixed cluster-centric radii.
If fSF vs. local galaxy density show a correlation that
is independent of R/R200, at least between R200 and
6R200, pre-processing would be a suitable mechanism
for explaining the results.
More interestingly, within the cluster core, we show:
(1) that the fSF vs. M? curve of the cluster is shifted
with respect to the field curve; (2) that mass increases
at smaller R/R200; and, (3) that env depends on the
galaxy stellar mass and evolves with redshift to higher
values at later epochs. From (1), we deduce that the
cluster environment accelerates the quenching, and (2)
indicates that part of the advanced quenching level
in the cluster core may be the outcome of an earlier
population formed “in situ” in the primordial over-
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densities where clusters are located. Additionally, (3)
may indicate that the efficiency of the stellar-mass-
dependent physical process(es) responsible for environ-
mental quenching may change with time, being more
efficient at lower redshifts. Strangulation/starvation are
environmental mechanisms which can produce such a
mass-dependent efficiency as galaxies become quenched
after consuming all their cold gas reservoir, once their
hot gas supply was cut off when falling into the clus-
ter host halo. For example, in Davies et al. (2016)’s
low redshift model, starvation is the favorite model for
quenching intermediate-mass galaxies. At higher red-
shift (z& 1), our results are consistent with Balogh et al.
(2016)’s model, where the truncation of new gas supply
limits the star-forming lifetime of a galaxy as it exhausts
its reservoir through star formation and outflows (the
“overconsumption” model, McGee et al. 2014). In such
a model, the higher star formation rates of more mas-
sive galaxies lead to shorter quenching times, leading to
a env that rises with stellar mass. Our results fit in
this model and may suggest that, at intermediate red-
shifts (0.3<z < 1.1), starvation/strangulation become
more efficient at quenching intermediate to more mas-
sive galaxies.
6. SUMMARY AND CONCLUSIONS
We have analyzed the fraction of star-forming galax-
ies, fSF , in a sample of 209 SpARCS clusters at
0.3≤ zCL≤ 1.1. The large area and depth of the HSC-
SSP data, along with our wide redshift range, has al-
lowed us to study the dependence of the fSF on galaxy
stellar mass and distance to the cluster center, and the
evolution of these parameters with redshift. Our major
results can be summarized as follows:
1. On a grid of stellar masses and redshifts, we
demonstrate that the fSF decreases fromR/R200∼ 1
towards the cluster core beyond that measured in
field galaxies of similar stellar masses and red-
shifts. More massive cluster galaxies show a de-
crease at earlier redshifts, while lower mass cluster
galaxies begin such a decrease at lower redshifts.
2. Using the same dataset to measure the evolution
of fSF with redshift in the field and the cluster,
we find that the environmental effect produces not
just only a shift to lower values but also a faster
evolution rate. The relative decrease in fSF be-
tween the cluster core and the field is strongly
dependent on the galaxy stellar mass and cluster
redshift.
3. We estimate M∗INI and M
∗
END, the fiducial stel-
lar masses at which star-forming galaxies begin to
quench and at which almost all galaxies (80%) are
already quenched, respectively, in bins of cluster-
centric radii, as a function of redshift. These
fiducial masses show a clear evolution in redshift,
with lower values towards lower redshifts, indicat-
ing that more massive galaxies begin and com-
plete their quenching process earlier. Further-
more, we observe a definitive dependence of M∗INI
and M∗END on the environment, as defined by the
distance to the cluster core, with both M∗INI and
M∗END being lower in the cluster core compared to
the field. This strong environmental dependence
demonstrates that galaxies of a given mass in clus-
ters begin and complete their quenching of star
formation much earlier than their counterparts in
the field.
4. We calculate environmental and mass quench-
ing efficiencies as a function of stellar mass and
R/R200. We find that outside the cluster core,
mass and environmental quenching efficiencies are
separable. However, in the cluster core mass in-
creases by a significant amount relative to that
of the field, suggesting that galaxies in the clus-
ter core are in a more advanced stage of mass
quenching. This difference may be the result of
an initial population of galaxies formed “in situ”
in the cores of the clusters, well ahead of the gen-
eral population of field galaxies. Furthermore, the
environmental quenching in the cluster core is less
efficient for lower mass galaxies. We conclude that,
within the cluster core, mass and environmental
quenching efficiencies are not separable. We also
observe that low-mass galaxies in general have
lower env, suggesting the effect of environmental
quenching has a dependence on galaxy mass even
outside the cluster core.
5. We find that both mass and environmental
quenching processes evolve with redshift, becom-
ing more efficient at later epochs. The evolution of
the environmental quenching efficiency is similar
for different stellar masses, but more rapid in the
cluster core than for the field/group environments.
On the other hand, while the mass quenching effi-
ciency also evolves in a similar manner for galaxies
in different environments over our redshift range,
the evolution of mass is more rapid for low mass
galaxies.
In this work, we have used cluster-centric radius as
an environmental parameter, and have not isolated the
effects of local galaxy density simultaneously. Such an
investigation can provide key insights into the quenching
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process and mechanisms. A dataset with a larger sam-
ple of clusters is required to carry-out such an analysis.
Such a dataset will also allow us to separate the sample
into different cluster richness, allowing the examination
of the dependence of these results on the cluster mass.
A larger redshift baseline with deeper data will provide
crucial information on the evolution of the more massive
cluster galaxies at higher redshifts and the beginning of
the quenching of the less massive galaxies in different
epochs.
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